Recent literature indicates that cervical and upper-thoracic spinal cord motion adversely affect both structural and functional MR imaging (fMRI; particularly diffusion tensor imaging [DTI] and spinal fMRI), ultimately reducing the reliability of these methods for both research and clinical applications. In the present study, we investigated motion of the lower-thoracic, lumbar, and sacral cord segments to evaluate the incidence of similar motion-related confounds in these regions.
B
y virtue of their exquisite sensitivities to changes in neuronal activity and tissue microstructure, functional MR imaging (fMRI) and diffusion tensor imaging (DTI) possess significant potential as clinical tools for investigating spinal cord injury and assessing novel therapeutic strategies. [1] [2] [3] [4] [5] [6] [7] [8] However, both of these techniques are highly sensitive to physiologic motion, and at this juncture, the effects of spinal cord motion and CSF flow are not yet fully known, primarily because of a lack of information regarding these complex, dynamic processes. Therefore, characterization of the normal 3D kinematics of spinal cord motion is imperative to the future development of spinal fMRI and DTI methods for research and clinical applications and to better understand and diagnose spinal cord injury and disease.
Recent work has revealed a predictable, oscillatory pattern of cardiac-related spinal cord motion throughout the cervical and upper-thoracic cord regions, primarily in the rostral-caudal (R/C) and anteroposterior (A/P) directions (although there are slight intersubject variations, the cervical [C1-C8], thoracic [T1-T12], lumbar [L1-L5], and sacral [S1-S5] spinal cord segments correspond approximately with the C1-C7, T1-T10, T11-T12, and L1-L2 vertebral levels, respectively 9 ). [10] [11] [12] [13] [14] [15] Left-right (L/R) cord motion, on the other hand, appears to be evident only in a small subpopulation of individuals, and even in these cases, the amplitude of L/R motion is minimal. 10, 15 Several independent reports have also speculated about the magnitude and character of motion-related confounds in spinal fMRI and DTI experiments, but only recently have studies been undertaken to elucidate the specific effects of spinal cord motion and the extent to which this will probably hinder spinal fMRI and DTI. [16] [17] [18] Motion-compensated analysis of spinal fMRI data has revealed that cord motion decreases both the sensitivity and selectivity to neuronal function in the cervical and upper-thoracic regions of the spinal cord. 16 Likewise, for diffusion studies of rostral spinal cord segments, cardiac-gating at different time points of the heartbeat has revealed a strong dependence between the observed diffusion properties and cardiac phase. 17, 18 Thus, there is strong evidence to suggest that accurate measurements of the mean diffusivity, fractional anisotropy, and principal eigenvector (ie, the size, shape, and orientation of the diffusion tensor) are all dependent on, and confounded by, the spinal cord motion occurring throughout the cervical and upper-thoracic cord regions.
To improve spinal fMRI and DTI methods, a clear need emerges to characterize motion throughout the entire spinal cord, including the lower-thoracic, lumbar, and sacral regions. Improved methods for cervical and upper-thoracic spinal cord fMRI and DTI have already emerged as a result of establishing the patterns of cord motion in these regions. [16] [17] [18] Thus, our objective in the present study was to extend the characterization of cardiac-related A/P and L/R spinal cord motion to the thoracic, lumbar, and sacral spinal cord regions.
Materials and Methods

Research Subjects
Data were obtained from 8 healthy volunteers (4 male and 4 female) with no history or evidence of spinal cord/vertebral injury or dysmorphology. Subject age, weight, and height ranged from 21 to 26 years (mean Ϯ SD, 24 Ϯ 1 years), 54 to 91 kg (mean Ϯ SD, 67 Ϯ 14 kg), and 1.55 to 1.83 m (mean Ϯ SD, 1.71 Ϯ 0.11 m) respectively. All of the participants provided informed consent before enrollment in the study, which had been approved by the institutional human research ethics board.
Study Design
All of the experiments were performed in a 3T whole-body MR imaging system (Magnetom Trio; Siemens, Erlangen, Germany), with subjects lying supine. Using a bore-mounted laser guide, subjects were carefully positioned on the scanner bed to align their shoulders and hips and to center the yaw and roll of their heads. Before scanning, a pulse oximeter was also placed on the index finger to enable segmented image acquisition and peripheral pulse recording throughout each experiment. Initial 3-plane localizer images were then acquired to provide a 3D position reference for subsequent slice alignment within each subject. All of the radio-frequency pulses were transmitted with a body coil and, for the lower-thoracic, lumbar, and sacral regions of the cord, the lower elements of a spine phased-array coil were used as receivers. Alternatively, when imaging lower-cervical and upper-thoracic spinal cord regions, signal intensity was received by a posterior neck coil and the upper elements of a spine phased-array coil.
Following the acquisition of localizer images, cardiac-gated, gradient-echo, turbo fast low-angle shot (turbo-FLASH) pulse sequences were used to study cardiac-related spinal cord motion, as reported previously. 15 In this manner, cinematic (CINE) images of the spinal cord were acquired continuously with the following parameters: TE, 2.03 ms; TR, 44.66 ms; flip, 60°; NEX, 4. Using the peripheral pulse waveform (from the pulse oximeter), image data were retrospectively gated over the course of many heartbeats to reconstruct images of the spinal cord at 24 phases throughout the cardiac cycle. Thus, cord motion data in this study, acquired from sacral, lumbar, and thoracic regions, were obtained with the same pulse sequences and imaging parameters used previously in studies of cardiac-related cervical and upper-thoracic spinal cord motion. 15 These methods have already been shown to accurately reflect spinal cord motion with an estimated error of Ϯ0.10 mm (A/P or L/R) over a large R/C range. 15 For every subject, A/P spinal cord motion was measured. To examine sacral, lumbar, and lower-thoracic cord motion, turbo-FLASH data were acquired from a single, 3-mm-thick, midsagittal section (200 ϫ 200 mm 2 FOV), with its inferior margin positioned slightly below the level of the conus medullaris (ie, the caudal end of the spinal cord). The midsagittal section was then repositioned rostrally, with the inferior margin overlapping one vertebral level with the previous section position (Fig 1) , so as to span the lower-thoracic to upperthoracic or (depending on spinal cord length and curvature) lowercervical spinal cord segments. The procedure for measuring L/R spinal cord motion was similar to that used for characterizing A/P motion, as described above. In this case, however, the image data were acquired from a single, 3-mmthick, midcoronal section, once again having a 200 ϫ 200 mm 2 FOV with the inferior margin situated slightly below the level of the conus medullaris. As a result of cross-subject variation in A/P spinal cord curvature, the length of cord spanned by the midcoronal section was variable across subjects. Therefore, the position of the next section (moved rostrally) was determined on a subject-by-subject basis to overlap, by approximately one vertebral level, the rostral-most position in the previous (caudal) section for which midcoronal spinal cord data were available. Alternatively, if the curvature of the cord was severe, the rostral section was positioned at a level for which midcoronal data could be acquired over a continuous length of cord spanning 15 mm or more (approximately the height of one vertebral body).
Fig 1.
To characterize A/P spinal cord motion, midsagittal CINE images were acquired at 24 phases of the cardiac cycle. To span the length of the cord, 2 sets of overlapping data were acquired. A, Spanning the lower-cervical and upper-thoracic vertebral levels. B, Spanning the lower-thoracic and upper-lumbar vertebral levels (below the level of the conus medullaris). These sections were positioned such that there was approximately one vertebral level of overlap (denoted by the 2 horizontal white lines) between the rostral and caudal datasets, thus enabling uninterrupted characterization of motion along the cord.
Data Analysis
Cardiac-related spinal cord motion was characterized by using methods described previously by Figley and Stroman. 15 For each midline sagittal or coronal dataset, a seed point was manually selected at the spinal cord/CSF interface, typically near the rostral margin of the image acquired at the first cardiac phase (peripheral systole). From this point, an automated algorithm tracked the edge of the cord inferiorly by analyzing voxel-wise signal intensities in a moving grid. This was accomplished by virtue of the stark contrast between spinal cord tissue and CSF and the fact that the signal intensity of each voxel is, therefore, indicative of the cord-to-CSF ratio contained therein. The cord/CSF interface was initially defined along the cord by locating voxels of median signal intensity, and subsequent changes in the cord/ CSF ratio throughout the cardiac cycle (ie, cord motion) were quantified by corresponding signal intensity fluctuations. Thus, motion along the spinal cord was quantified with subvoxel precision at 24 phases of the cardiac cycle. Cord motion in the A/P direction was typically able to be characterized over a large span: most often throughout the entire length of the thoracic and, if need be, the upper-lumbar vertebrae (ie, the upper-thoracic or lower-cervical spinal cord segments to the conus medullaris), depending on subject-to-subject variations in spinal cord length and curvature. Primarily because of the large intersubject differences in A/P spinal cord curvature, L/R cord motion was typically measured (with greater R/C variability) throughout the thoracic and upper-lumbar vertebral levels. For all of the experiments, spinal cord displacement was measured along the cord in 3-mm R/C increments but binned and averaged into 5-mm segments to reduce the number of data points.
As reported previously, segmented CINE acquisitions produce images that are reconstructed over a large number of cardiac cycles, thereby minimizing contributions from swallowing, respiration, and other physiologic or stochastic components that are unrelated to cardiac phase. 15 Furthermore, both intrasubject and intersubject heart rates are automatically normalized, allowing cord motion to be compared, combined, and averaged within and across subjects. Thus, areas of intrasubject overlap (approximately one vertebral level between rostral and caudal FOVs) were averaged according to R/C position, and both A/P and L/R motion data were aligned according to vertebral level before averaging the corresponding R/C levels across subjects.
Results
Cardiac-related thoracic, lumbar, and sacral spinal cord motion was measured in 8 healthy volunteers, and the pattern of oscillatory A/P motion was consistent with previous literature. 15 Maximum cord displacement was observed approximately midway through the cardiac cycle, and the magnitude was found to be dependent on cardiac phase, as well as R/C cord position. The Table lists the maximum A/P and L/R cord displacements (across cardiac phase and R/C position), as well as the corresponding vertebral levels, for each subject. These were typically observed at or near the most rostral level measured and were consistently larger in the A/P (mean Ϯ SD, 0.36 Ϯ 0.13 mm), as opposed to the L/R (mean Ϯ SD, 0.15 Ϯ 0.07 mm) direction. All of the subjects displayed maximum A/P displacement (ie, the largest component) above the T8/T9 intervertebral disk (corresponding roughly with the ninth thoracic spinal cord segment) 9 ; and all but 2 of the subjects (ie, 4 and 7, who also happened to be the subjects with the 2 lowest maximum A/P displacements) exhibited maximal displacement at or above the T5 vertebral level (corresponding with the fifth thoracic cord segment). 9 Figure 2 shows the peak A/P displacement averaged across all of the subjects and plotted as a function of vertebral level (ie, R/C position along the cord). "Peak" values, at each R/C level, represent the maximum cord displacement in either direction (ie, anterior or posterior) at any cardiac phase. The average was then taken across all of the subjects for whom data were available at a given R/C level. However, because only some subjects' spinal cords move appreciably (and the rest exhibit little or no spinal cord motion), the average was attenuated, and the SD increased at R/C levels where motion was most prevalent (ie, the cervical and upper-thoracic regions).
It is evident, especially for those people whose cords exhibit substantial cardiac-related A/P motion, that the displacements are larger in rostral cord regions (ie, at the level of the cervical and upper-thoracic vertebrae). An example of this is clearly shown by plotting the A/P cord motion of a single subject (subject 1) in Fig 3. In this figure, upper-thoracic cord motion occurs in an oscillatory pattern with a maximal displacement of 0.64 mm midway through the cardiac cycle and at the level of the third thoracic vertebra (T3). In contrast,
The maximum values of A/P and L/R cord displacement are shown for every subject * Indicates that maximum displacement was observed at the most rostral vertebral level for which data were available in a given subject. more caudal regions of the spinal cord are relatively motionless, with the motion amplitude decreasing along the cord. As shown in Fig 2, this trend is relatively consistent across our sample population: the average displacement at lower-thoracic vertebral levels is minimal (approximately 0.10 mm), which, along with low SD (Ͻ0.01 mm), is indicative of uniformly low spinal cord displacements in these regions. Thus, in those subjects exhibiting cardiac-induced A/P spinal cord motion, a consistent pattern arises: significant displacement occurs throughout the cervical and upper-thoracic vertebral levels but is progressively dampened in the caudal direction until, in all of the subjects, it is virtually nonexistent by the lower-thoracic and upper-lumbar vertebral levels (ie, the lower-thoracic, lumbar, and sacral spinal cord regions).
As observed previously at the cervical and upper-thoracic levels, 15 peak L/R spinal cord displacements (throughout the thoracic, lumbar, and sacral levels) were smaller than those measured in the A/P direction. Figure 4 shows the cross-subject average of peak spinal cord displacement as a function of R/C position along the cord. As in Fig 2, these data are collapsed across cardiac phase and represent the peak displacement in terms of the corresponding vertebral level. With the exception of one point (at the level of the T6 vertebra), Fig 4 shows that peak L/R cord displacement is not more than 1 SD above 0.10 mm (the estimated precision of the method) at any R/C position. Moreover, this type of small apparent L/R motion may in fact result as a consequence of the larger A/P motion, because the cord motion through the midcoronal section may slightly alter the observed portion of the cord boundary over the imaging time course.
Discussion
Spinal cord motion has been characterized previously, but not (to the best of our knowledge) in terms of the A/P and L/R motions in lumbar and sacral regions. Although motion in these directions has been thoroughly characterized in cervical and upper-thoracic regions, there is existing literature to sug- The present analysis of A/P and L/R displacement (as a function of R/C cord position and cardiac phase) shows that the spinal cord oscillates in a predictable cardiac-related pattern, consistent with previous investigations of A/P and L/R spinal cord motion. 15 In cervical and upper-thoracic regions, spinal cord displacements have been shown to be larger in the A/P, as opposed to the L/R direction, 15 and the present data demonstrate that this trend continues into lower spinal cord regions as well, with negligible L/R motion observed throughout the lower-thoracic, lumbar, and sacral regions. As expected, A/P cord motion is prevalent throughout rostral (ie, cervical and upper-thoracic) spinal cord segments but is dampened caudally along the cord, with motion in the caudalmost segments falling below the resolution of our technique (Յ0.10 mm) 15 for most subjects. The discovery that lumbar and sacral spinal cord regions are essentially motionless has obvious and important implications for both structural and functional spinal cord imaging; namely, a region free of motion will also be free of motionrelated confounds, which are known to be problematic for both spinal fMRI and DTI in cervical regions. [16] [17] [18] Because the effects of motion will be significantly reduced, or even absent, in caudal spinal cord regions (compared with cervical regions), the sensitivity and selectivity of spinal fMRI methods can be evaluated under optimal in vivo conditions by using lower-body motor tasks or somatosensory stimulation to examine lumbar and sacral (instead of cervical) spinal cord ac- The black line indicates the cross-subject average of peak displacement, whereas the gray area indicates the region within 1 SD of the mean at each R/C position. To facilitate comparisons between cord motions in each direction (A/P and L/R), the scale has been normalized to that shown for the larger A/P displacements (plotted in Fig 2) . Note, however, that the average peak displacement is not significantly larger than 0.10 mm (the estimated measurement precision) at any R/C position, except at the level of T6.
tivity. Likewise, DTI in lumbar and sacral spinal cord regions should provide more accurate diffusion tensors than those acquired previously from the cervical cord, yielding better estimates of apparent diffusion coefficients, mean diffusivities, fractional anisotropies, and principal eigenvectors in spinal cord white matter. Thus, by providing an internal criterion standard, the acquisition of uncorrupted data from lumbar regions may present a means of validating compensatory methods.
Conclusions
We found that the magnitude of cardiac-related spinal cord motion varied on a subject-by-subject basis, with some subjects exhibiting little or no motion at all, depending on R/C position. However, even for subjects showing motion throughout the cord, the magnitude of cord displacement was found to be highly dependent on motion direction, cardiac phase, and R/C position along the cord. In the A/P direction, maximal cord displacements consistently occurred midway through each heartbeat, primarily at the level of the cervical and upper-thoracic vertebrae. At the level of the lower-thoracic and upper-lumbar vertebrae (ie, lumbar and sacral cord regions), however, average peak displacement was found to be negligible (routinely Ͻ0.10 mm). Similarly, the measurements of L/R motion revealed that cord displacements in this direction are uniformly small throughout the thoracic vertebrae (also, if anything, showing smaller peak values at the lower-thoracic levels). These findings are consistent with previous measurements of R/C motion, 19 suggesting that, overall, the lumbar and sacral spinal cord segments are essentially motionless in all 3 of the spatial dimensions. Because spinal cord motion is known to be a confounding factor for both spinal DTI and fMRI, the discovery that this region of the cord is motionless has significant implications for both structural and functional spinal cord imaging.
